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1
LEAKAGE CURRENT CALCULATION
DEVICE AND METHOD FOR
CALCULATING LEAKAGE CURRENT

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to International
Application PCT/JP2014/002153, with an International Fil-
ing Date of Apr. 16, 2014, which claims the benefit of
Japanese Patent Application No. 2013-110968 filed in the
Japan Patent Office on May 27, 2013, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates to a leakage current calcu-
lation device and a method of calculating a leakage current,
which calculate a leakage current flowing through the
ground resistance component of a three-phase motor driven
by an inverter device using a specific AC power supply as a
power supply and, more particularly, to a leakage current
calculation device and a method of calculating a leakage
current, which calculate a leakage current based on each of
ground voltages inputted to the respective phases of a
three-phase motor.

2. Description of the Related Art

There has been known a leakage current calculation
device for calculating the ground resistance component of a
three-phase motor driven by an inverter device using a
specific AC power supply as a power supply, that is, a
leakage current flowing through an insulating resistor (e.g.,
Patent Document 1, 2).

In such a leakage current calculation device, the value of
a leakage current may be calculated in a motor operation
state.

PRIOR ART DOCUMENT
Patent Document

Patent Document 1: Japanese Patent Application Publi-
cation No. 2011-153910

Patent Document 2: Japanese Patent Application Publi-
cation No. 2009-115754

SUMMARY OF THE INVENTION

However, a conventional leakage current calculation
device had the following problems.

For example, a leakage current calculation device written
in Patent Document 1 is configured to calculate a leakage
current by measuring the line voltage of a line connected to
each of the phases of a three-phase motor. The reason why
the leakage current is calculated based on the line voltage is
for avoiding the complication and difficult calculation of a
waveform in the overlapped combined voltage of a com-
mercial AC power supply voltage and a ground voltage, that
is, a line voltage. However, there is a possibility that
calculating the leakage current based on the line voltage may
be inaccurate because the leakage current varies depending
on such a ground voltage, that is, a combined voltage.

Meanwhile, a leakage current calculation device written
in Patent Document 2 is configured to calculate a leakage
current based on a ground voltage inputted to each of the
phases of a three-phase motor, but is configured to calculate
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a leakage current based on a ground voltage having a
maximum value. However, a maximum value of the ground
voltage may not be necessarily defined as a maximum value
at a steady operation, and it may not be said that a leakage
current can be precisely calculated because noise of har-
monic may have overlapped the leakage current.

Furthermore, in order to precisely calculate the degree
that the insulation degradation state of each of the phases of
the three-phase motor is in progress, the resistance value
(insulating resistance value) of the ground resistance com-
ponent of each of the phases of the three-phase motor needs
to be calculated. However, a conventional leakage current
calculation device was unable to calculate the insulating
resistance value of each of the phases of the three-phase
motor.

The present invention has been made to solve such
problems, and an object of the present invention is to
provide a leakage current calculation device and a method of
calculating a leakage current, which measures the over-
lapped ground voltage of each phase control voltage fed
(supplied) from an inverter device to a three-phase motor
and a commercial AC power supply voltage and can calcu-
late the insulating resistance value of each of the phases of
the three-phase motor in addition to an accurate leakage
current value.

In order to accomplish the object, a leakage current
calculation device of the present invention ground includes
voltage measurement means for measuring ground voltages
respectively inputted to the phases of a three-phase motor
driven by an inverter device using a specific AC power
supply as a power supply in a specific period, zero-phase
current measurement means for measuring a zero-phase
current which is a ground leakage current flowing through
the three-phase motor in a specific period, basic AC wave-
form extraction means for extracting a basic AC voltage
waveform having a frequency having the same phase as the
ground voltage of each phase from the ground voltage,
frequency component extraction means for extracting the
zero-phase current component of a frequency band including
at least the frequency of the basic AC voltage waveform
from the frequency band, and leakage current value calcu-
lation means for calculating a leakage current value flowing
through the ground resistance component of the ground
leakage current other than the ground capacitance compo-
nent of the three-phase motor by integrating the zero-phase
current component of the frequency band in a period cor-
responding between zero crossings of the basic AC voltage
waveform.

Furthermore, a method of calculating a leakage current
according to the present invention includes a ground voltage
measurement process for measuring ground voltages respec-
tively inputted to the phases of a three-phase motor driven
by an inverter device using a specific AC power supply as a
power supply in a specific period, a zero-phase current
measurement process for measuring a zero-phase current
which a ground leakage current flowing through the three-
phase motor in a specific period, a basic AC waveform
extraction process for extracting a basic AC voltage wave-
form having a frequency having the same phase as the
ground voltage of each phase from the ground voltage, a
frequency component extraction process for extracting the
zero-phase current component of a frequency band compris-
ing at least the frequency of the basic AC voltage waveform
from the frequency band, and a leakage current value
calculation process for calculating a leakage current value
flowing through the ground resistance component of the
ground leakage current other than the ground capacitance
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component of the three-phase motor by integrating the
zero-phase current component in a period corresponding
between zero crossings of the basic AC voltage waveform.
In accordance with the leakage current calculation device
and the method of calculating a leakage current of the
present invention, an accurate leakage current value on
which the influence of noise has been suppressed can be
calculated because a leakage current value flowing through
the ground resistance component of a ground leakage cur-
rent other than the ground capacitance component of a
three-phase motor is calculated by integral calculus.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing the configuration of a
leakage current calculation device and a method of calcu-
lating a leakage current regarding a first embodiment of the
present invention.

FIG. 2 is a diagram showing a power distribution form of
a commercial AC power supply voltage supplied to an
inverter device, (a) is a diagram showing a three-phase delta
wiring method, and (b) is a diagram showing a three-phase
start wiring method.

FIG. 3 is a diagram showing the voltage waveforms of the
three-phase delta wiring method, (a) is a diagram of com-
mercial voltage waveforms inputted to the inverter device,
and (b) is a diagram of a rectified commercial voltage
waveform (basic AC voltage waveform) in the inverter
device.

FIG. 4 is a diagram showing the voltage waveforms of the
three-phase start wiring method, (a) is a diagram of com-
mercial voltage waveforms inputted to the inverter device,
and (b) is a diagram of a rectified commercial voltage
waveform (basic AC voltage waveform) in the inverter
device.

FIG. 5 is a diagram showing the waveforms of the
three-phase delta wiring method, (a) is a diagram of a basic
AC voltage waveform and control voltage waveforms con-
trolling the respective phases of a three-phase motor, (b) is
a diagram of the overlapped control voltage waveforms of
the basic AC voltage waveform, and (c¢) is a diagram of a
zero-phase current waveform.

FIG. 6 is a diagram showing the waveforms of the
three-phase start wiring method, (a) is a diagram of a basic
AC voltage waveform and control voltage waveforms con-
trolling the respective phases of the three-phase motor, (b) is
a diagram of overlapped control voltage waveforms of the
basic AC voltage waveform, and (c¢) is a diagram of a
zero-phase current waveform.

FIG. 7 is a diagram showing the relationship between a
zero-phase current, the resistance component of the zero-
phase current, and the capacitance component of the zero-
phase current.

FIG. 8 is a diagram showing the relationships between the
phases of a voltage waveform and a current waveform, (a)
is a diagram of a basic AC voltage waveform, (b) is a
diagram of the overlapped control voltage waveform of the
basic AC voltage waveform, (c) is a diagram of a zero-phase
current waveform, and (d) is a diagram showing the current
value of the resistance component of the zero-phase current
as an area.

FIG. 9 is an explanatory diagram illustrating a method of
calculating a voltage value and a current value, (a) is a
diagram showing a method of calculating a basic AC voltage
value and the voltage values of the respective phases, (b) is
a diagram showing a basic AC voltage value and an average
value of the voltage values of the respective phases, (¢) is a
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diagram showing a method of calculating the current value
of the resistance component of a zero-phase current, and (d)
is a diagram showing an average value of the current value
of the resistance component of the zero-phase current.

FIG. 10 is a flowchart illustrating processing for calcu-
lating the ground resistance values of the respective phases
regarding a first embodiment of the present invention.

FIG. 11 is a flowchart illustrating processing for calcu-
lating a ground combined resistance value regarding a first
embodiment of the present invention.

DETAILED DESCRIPTION

Hereinafter, preferred embodiments of a leakage current
calculation device and a method of calculating a leakage
current regarding the present invention are described with
reference to FIGS. 1~11.

As shown in FIG. 1, the leakage current calculation
device 10 regarding the present embodiment is configured to
measure a leakage current flowing through the ground
resistance component of a three-phase motor 3, such as a
servo motor driven by an inverter device 2 using a com-
mercial AC power supply 1 as a power supply.

The leakage current calculation device 10 is equipped
with three phase voltage measurement cables 11, a zero-
phase current transformer (ZCT) 12, a signal processing unit
13, an operation unit 14, and a display unit 15 (e.g., a liquid
crystal display) displaying a result of operation of the
operation unit 14.

The three phase voltage measurement cables 11 operate as
ground voltage measurement means and are connected to the
respective phases U, V, and W of the three-phase motor 3.
The three phase voltage measurement cables 11 measure the
respective phase ground voltages of control voltages, input-
ted from the inverter device 2 to the respective phases U, V,
and W of the three-phase motor 3, in a specific sampling
period of a specific period.

The respective phase ground voltages are indicative of
potential differences between the phases U, V, and W and a
ground G and are measured as the overlapped values of the
commercial AC power supply 1 and control voltages (e.g.,
a combined voltage of a basic wave and a carrier wave
according to PWM control).

The zero-phase current transformer (ZCT) 12 operates as
zero-phase current measurement means and measures the
combined ground zero-phase current of the three phases
flowing between the inverter device 2 and the three-phase
motor 3 in a specific sampling period of a specific period.

The ground zero-phase current is measured as a combined
value of leakage currents, flowing from the respective
phases of the three-phase motor 3 to the ground G, based on
the ground electrostatic capacitance components Cu, Cv, and
Cw of the respective phases of the three-phase motor 3 and
ground resistance components Ru, Rv, and Rw that become
insulating resistance.

The signal processing unit 13 processes the ground volt-
ages and ground zero-phase current of the phases U, V, and
W received from the three phase voltage measurement
cables 11 and the zero-phase current transformer (ZCT) 12.

Specifically, the signal processing unit 13 includes a
frequency component extraction unit 131, a basic AC wave-
form extraction unit 132, and zero-crossing data extraction
units 133 and 134.

The frequency component extraction unit 131 operates as
frequency component extraction means and extracts the
respective phase ground voltages of frequency components
in the same frequency band and a ground zero-phase current,
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which are measured by the three phase voltage measurement
cables 11 and the zero-phase current transformer (ZCT) 12.

The frequency component extraction unit 131 is formed
of a frequency filter, such as a low pass filter or a band pass
filter, and extracts the frequency components of respective
phase ground voltages and a ground zero-phase current in a
specific frequency band.

In this case, the frequency band of the frequency com-
ponent extracted by the frequency component extraction unit
131 is described below.

The frequency band of the frequency component
extracted by the frequency component extraction unit 131 is
set to include the frequency of the commercial AC power
supply 1 or a frequency that is a positive number times the
frequency of the commercial AC power supply 1.

For example, in a commercial AC power supply 1 having
a power distribution form of a three-phase delta wiring
method in which an S phase has been ground as shown in
FIG. 2(a), the waveforms of the ground voltages of the R
phase and T phase of three phases become sine waves
having a deviation of 60° between their phases as shown in
FIG. 3(a).

The inverter device 2 rectifies an input sine wave through
a diode and a smoothing condenser. A ground voltages
obtained as a result of the rectification becomes a voltage
waveform F having the same frequency component as the
commercial AC power supply 1, as shown in FIG. 3(b).

The frequency of the voltage waveform F becomes 50 Hz
if the frequency of the commercial AC power supply 1 is 50
Hz and becomes 60 Hz if the frequency of the commercial
AC power supply 1 is 60 Hz.

Likewise, in a commercial AC power supply 1 having a
power distribution form of a three-phase start wiring method
shown in FIG. 2(b), the waveforms of the ground voltages
of'the respective three phases R, S, and T become sine waves
having a deviation of 60° between their phases as shown in
FIG. 4(a).

The inverter device 2 rectifies an input sine wave through
the diode and the smoothing condenser. A ground voltage
obtained as a result of the rectification becomes a voltage
waveform F having a frequency component three times the
frequency component of the commercial AC power supply
1 as shown in FIG. 4(b).

The frequency of the voltage waveform F becomes 150
Hz if the frequency of the commercial AC power supply 1
is 50 Hz and becomes 180 Hz if the frequency of the
commercial AC power supply 1 is 60 Hz.

The frequency component of such a voltage waveform F
overlaps the waveforms of respective phase ground voltages
and a ground zero-phase current.

The control voltages inputted to the phases U, V, and W
of the three-phase motor 3 may be indicated as sine waves
having a deviation of 60° between their phases (refer to
FIGS. 5(a) and 6(a)). The frequency of the control voltage
(the basic wave of the control voltage) is not limited to be
the same as the frequency of the voltage waveform F.

In the respective phase ground voltages, the voltage
waveform F overlaps such a control voltage. For example, in
the commercial AC power supply 1 having the power
distribution form of the three-phase delta wiring method, the
respective phase ground voltages Eu, Ev, and Ew of the
three-phase motor 3 appear as waveforms, such as those
shown in FIG. 5(b).

Likewise, in the commercial AC power supply 1 having
the power distribution form of the three-phase start wiring
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6

method, the respective phase ground voltages Eu, Ev, and
Ew of the three-phase motor 3 appear as waveforms, such as
those shown in FIG. 6(b).

That is, each of the respective phase ground voltages Eu,
Ev, and Ew of the three-phase motor 3 includes the fre-
quency component of the voltage waveform F as the in-
phase frequency component despite a difference between
power distribution forms.

Meanwhile, the frequency component of the voltage
waveform F also overlaps the waveform of a ground zero-
phase current I (refer to FIGS. 5(c) and 6(c)) because the
ground zero-phase current [ flows into the ground G through
each of the ground electrostatic capacitance components Cu,
Cv, and Cw and the ground resistance components Ru, Rv,
and Rw (refer to FIG. 1) based on each of the potential
differences of the overlapped respective phase ground volt-
ages Fu, Ev, and Ew of such voltage waveforms F.

Furthermore, it has been known that the waveform of the
ground zero-phase current I has a phase of an angle of e with
respect to the waveform of the respective phase ground
voltages Eu, Ev, and Ew under the influence of the ground
electrostatic capacitance components Cu, Cv, and Cw.

A pair of a voltage waveform and a current waveform
complying with Ohm’s Law can be specified by extracting
the voltage waveform and the current waveform having the
same frequency band because the ground zero-phase current
1 is obtained based on the overlapped respective phase
ground voltages Eu, Ev, and Ew of the voltage waveform F
as described above. Furthermore, the frequency component
of the voltage waveform F is a frequency component that is
common to the respective phase ground voltages Eu, Ev, and
Ew of the respective three phases and the ground zero-phase
current I.

Accordingly, the frequency component extraction unit
131 sets an extraction frequency band with respect to a
frequency band including at least the frequency of the
voltage waveform F and extracts the ground zero-phase
current [ and the frequency components of the respective
phase ground voltages Eu, Ev, and Ew from the extraction
frequency band.

In order to set the extraction frequency band, the fre-
quency of the voltage waveform F needs to be specified.

The voltage waveform F overlapping the respective phase
ground voltages Eu, Ev, and Ew of the three-phase motor 3
also includes a harmonic component that is a positive
number times a commercial frequency in addition to a
frequency one times the commercial frequency in the com-
mercial AC power supply 1 having the power distribution
form of the three-phase delta wiring method and a harmonic
component that is a positive number times a commercial
frequency in addition to a frequency three times the com-
mercial frequency in the commercial AC power supply 1
having the power distribution form of the three-phase start
wiring method. However, it is difficult to extract a frequency
band that much because amplitude tends to be reduced as the
frequency band becomes harmonic. Accordingly, a fre-
quency band may be set so that it includes a voltage
waveform F having the frequency component of a low
frequency having the greatest amplitude.

Specifically, in the commercial AC power supply 1 having
the power distribution form of the three-phase delta wiring
method, if a commercial frequency is 50 Hz, for example, an
extraction frequency band may be set using 50 Hz, having
the same frequency as the commercial frequency, as the
frequency of a basic AC voltage waveform. In the commer-
cial AC power supply 1 having the power distribution form
of the three-phase start wiring method, if a commercial
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frequency is 50 Hz, for example, an extraction frequency
band may be set using 150 Hz that becomes harmonic three
times the commercial frequency of 50 Hz as a basic AC
voltage waveform.

Furthermore, the set extraction frequency band may have
aband (e.g., the band of a pin point or a narrow band) having
approximately the same frequency as the basic AC voltage
waveform so that only the basic AC voltage waveform can
be extracted.

Furthermore, the extraction frequency band may have a
specific numerical range, such as the frequency xa (e.g.,
+100 Hz, —20 Hz) of the basic AC voltage waveform so that
the component (e.g., PWM-controlled component) of a
control voltage overlapping the basic AC voltage waveform
can be extracted. In particular, as described later, in order to
calculate the resistance value of each of the ground resis-
tance components Ru, Rv, and Rw, the extraction frequency
band needs to include the frequency of a basic AC voltage
waveform and to have a specific numerical range in which
the component of a control voltage can be extracted.

The basic AC waveform extraction unit 132 operates as
basic AC waveform extraction means and extracts a basic
AC voltage waveform from the respective phase ground
voltages Eu, Ev, and Ew from the three-phase motor 3.

As shown in FIGS. 5(a) and 6(a), control voltages respec-
tively inputted to the phases U, V, and W of the three-phase
motor 3 may be indicated as sine waves having a deviation
of 60° between their phases. The control voltages of the
respective phases are characterized in that they become a
value of Tzero ) if they are added in a specific moment.

Accordingly, the basic AC waveform extraction unit 132
adds the values of the respective phase ground voltages Eu,
Ev, and Ew in the same measurement timing and extracts a
basic AC voltage waveform (basic AC voltage Ef) by
subtracting 3 ) of the three phases from the sum.

Furthermore, in the frequency component extraction unit
131, the frequency component extraction unit 131 may
operate as basic AC waveform extraction means by setting
an extraction frequency band as only the frequency of a
basic AC voltage waveform (e.g., a band pass filter for
extracting only the frequency of a basic AC voltage wave-
form).

The zero-crossing data extraction units 133 and 134
specify a plurality of zero crossings of a basic AC voltage
waveform extracted by the basic AC waveform extraction
unit 132 and simultaneously specify the respective phase
ground voltages FEu, Ev, and Ew in a section corresponding
between zero-crossings and the numerical data (measured
values) of the ground zero-phase current I as a pair of data
groups. Furthermore, the zero-crossing refers to a portion in
which amplitude is indicative of zero (0) in the waveform of
a basic AC voltage Ef having both symmetry and periodicity
in amplitude.

By the specification of such zero-crossings, the wave-
forms of the respective phase ground voltages Eu, Ev, and
Ew complying with Ohm’s Law and the waveform of the
ground zero-phase current I forming pairs along with the
waveforms of the respective phase ground voltages Eu, Ev,
and Ew are specified between the zero-crossings.

Furthermore, the zero-crossing data extraction unit 134
specifies the numerical data (measured values) of the basic
AC voltage Ef in the period corresponding between the
zero-crossings as a data group in which the respective phase
ground voltages Eu, Ev, and Ew and the ground zero-phase
current I form pairs in the basic AC voltage waveform
extracted by the basic AC waveform extraction unit 132.
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The operation unit 14 is formed of a computer including
a central processing unit (CPU), ROM, RAM, and an
interface, such as I/O, and includes a current value calcu-
lation unit 141, a voltage value calculation unit 142, and a
resistance value calculation unit 143.

The current value calculation unit 141 operates as leakage
current calculation means. The current value calculation unit
141 integrates the numerical data of the ground zero-phase
current [ between a plurality of zero-crossings ZC0, ZC1,
ZC2 and also calculates average current values between the
zero-crossings ZC0, ZC1, ZC2 . . . based on the integral
values.

The voltage value calculation unit 142 operates as basic
AC voltage value calculation means and respective phase
voltage value calculation means. The voltage value calcu-
lation unit 142 integrates the numerical data of the basic AC
voltage Ef and the respective phase ground voltages Eu, Ev,
and Ew between the plurality of zero-crossings ZC0, ZC1,
ZC2 . .. and also calculates average voltage values between
the zero-crossings based on the integral values.

The resistance value calculation unit 143 operates as
combined resistance value calculation means and respective
phase resistance value calculation means. The resistance
value calculation unit 143 calculates a combined ground
combined resistance value of each of the ground resistance
components Ru, Rv, and Rw of the respective phases and
each of the resistance values of the ground resistance
components Ru, Rv, and Rw of the respective phases based
on the average current values of the ground zero-phase
current I calculated based on measurement data between the
same zero-crossings in the current value calculation unit 141
and the voltage value calculation unit 142, the basic AC
voltage Ef forming pairs along with the average current
values, and the average voltage values of the respective
phase ground voltages Eu, Ev, and Ew.

First, the principle that a leakage current flowing through
a ground resistance component that belongs to the ground
zero-phase current I and that is calculated by the current
value calculation unit 141 is calculated is described with
reference to FIGS. 7~9.

FIG. 8(a) shows the waveform of a basic AC voltage Ef,
FIG. 8(b) shows the waveform of the basic AC voltage Ef
and the waveform of the respective phase ground voltages
Eu, Ev, and Ew obtained by combining the waveforms of
control voltages, and FIG. 8(c) shows the waveform of a
ground zero-phase current 1. In order to simplify a descrip-
tion, each of the waveforms is diagrammatically shown as a
simple sine wave.

The basic AC voltage Ef shown in FIG. 8(a) has been
extracted by the basic AC waveform extraction unit 132. In
this basic AC voltage Ef, a zero-crossing ZC whose ampli-
tude becomes zero (0) is sequentially specified as ZC0, ZC1,
ZC2 . . . from the basic AC waveform.

The respective phase ground voltages Fu, Ev, and Ew
shown in FIG. 8(b) are voltages extracted by the frequency
component extraction unit 131 as the frequency component
of a frequency band including the frequency of the basic AC
voltage Ef. The respective phase ground voltages Eu, Ev,
and Ew have a waveform having the same phase as the
waveform of the basic AC voltage Ef. Furthermore, the
numerical data (measured values) of the respective phase
ground voltages Eu, Ev, and Ew belonging between the
zero-crossings ZC0, ZC1, ZC2 . . . is determined by speci-
fying the zero-crossings.

The ground zero-phase current I shown in FIG. 8(¢) is a
current extracted by the frequency component extraction
unit 131 as the frequency component of a frequency band
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including the frequency of the basic AC voltage Ef. Fur-
thermore, the numerical data (measured values) of the
ground zero-phase currents I belonging between the zero-
crossings ZC0, ZC1, ZC2 . . . is determined by specifying
the zero-crossings.

The ground zero-phase current [ between the zero-cross-
ings flows based on the respective phase ground voltages Eu,
Ev, and Ew between the zero-crossings which form pairs
along with the ground zero-phase current. For example, the
ground zero-phase current I between ZC0 and ZC1 flows
based on the respective phase ground voltages FEu, Ev, and
Ew between ZC0 and ZCl1.

In other words, as shown in FIGS. 8(4) and 8(c), the
current of a value I, (the area of a hatching section) obtained
by integrating the ground zero-phase current I between the
zero-crossings flows based on the voltage of a value E (the
area of a hatching section) obtained by integrating the
respective phase ground voltages Eu, Ev, and Ew between
the zero-crossings.

However, the ground zero-phase current I also includes a
leakage current (capacitance component current) flowing
through the ground electrostatic capacitance components
Cu, Cv, and Cw in addition to a leakage current (resistance
component current) flowing through the ground resistance
components Ru, Rv, and Rw.

If the ground zero-phase current I, the resistance compo-
nent current of the ground zero-phase current I, and the
capacitance component current of the ground zero-phase
current I are represented as respective vectors, they have a
relationship, such as that shown in FIG. 7.

It has been known that the resistance component current
of the ground zero-phase current I does not have a deviation
of a phase for the basic AC voltage Ef and the respective
phase ground voltages Eu, Ev, and Ew, but the capacitance
component current of the ground zero-phase current I has a
phase of 90° with respect to the basic AC voltage Ef and the
respective phase ground voltages Eu, Ev, and Ew.

The phase of the ground zero-phase current I slips at a
specific angle 0 with respect to the basic AC voltage Ef and
the respective phase ground voltages Eu, Ev, and Ew due to
the influence of the deviation of a phase attributable to such
a capacitance component.

Accordingly, if the amount of the ground zero-phase
current I is represented as I,, the resistance component
current of the ground zero-phase current I may be repre-
sented as I, cos 6.

As shown below, the resistance component current I, cos
0 is the same as a value obtained by integrating the wave-
form of the ground zero-phase current I between the zero-
crossings.

For example, if the ground zero-phase current I is the sine
wave of amplitude 1, it may be represented as in Equation
1.

[Equation 1]

I(#)=sin(w+0) (Equation 1)

In this case, t is time, w=2xf, f is the frequency of the
ground zero-phase current I, and 0 is a deviation of the phase
of the ground zero-phase current I for the basic AC voltage
Ef and the respective phase ground voltages Eu, Ev, and Ew.

If a total area of the ground zero-phase current I between
the zero-crossings is I, I, may be calculated as in Equation
2.

[Equation 2]

Io=fo" (@) 1dr=] 5" Isin(0i+0) | dr=[,"sin widt=2 (Equation 2)
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Meanwhile, if I(t) is integrated between the zero-cross-
ings, it is represented as in Equation 3.

[Equation 3]

T I dr=["sin(t+)dr=2 cos 6=I, cos O (Equation 3)

That is, the resistance component current I, cos 0 of the
ground zero-phase current I, that is, the combined value of
a leakage current flowing through the components Ru, Rv,
and Rw of a resistance value, may be calculated by inte-
grating the ground zero-phase current I between the zero-
crossings.

The reason why the resistance component current (leak-
age current) of the ground zero-phase current I may be
calculated by integrating the ground zero-phase current I
between the zero-crossings as described above is that a
capacitance component current flowing as an invalid com-
ponent with respect to the basic AC voltage Ef and the
respective phase ground voltages Eu, Ev, and Ew becomes
lzero | because the (-) part and (+) part of the capacitance
component current are offset in a single zero-crossing, that
is, in the half cycles of the waveforms of the respective
phase ground voltages Eu, Ev, and Ew, and only the resis-
tance component current I, cos 0 (the area of the hatching
part) that becomes a valid component in which a deviation
of a phase is not generated with respect to the basic AC
voltage Ef and the respective phase ground voltages Eu, Ev,
and Ew remains, as shown in FIG. 8(d).

As described above, the resistance component current I,
cos 0 of the ground zero-phase current I may be calculated
by integrating the ground zero-phase current I between the
Zero-crossings.

A detailed method of calculating the resistance compo-
nent current I, cos 0 (resistance component leakage current)
which is executed in the current value calculation unit 141
is described using FIGS. 9(c) and 9(d).

[Method of Calculating Resistance Component Current I,
cos 0]

As shown in FIG. 9(c), since the ground zero-phase
current I is measured in a specific period in a specific
sampling period, the numerical data (measured values) of
the ground zero-phase current 1 extracted by the zero-
crossing data extraction unit 133 is assumed to be n, for
example, between the zero-crossings.

In order to calculate the resistance component current [,
cos 0, the current value calculation unit 141 attaches a + or
- sign to each of the 1 to n ground zero-phase currents I
depending on a difference (e.g., +) between the directions in
which currents flow (in FIG. 9(c), a solid line arrow is + and
a broken line arrow is —) and sequentially adds them.

Since the addition is equivalent to the integration of the
ground zero-phase currents I between the zero-crossings, the
added current value becomes the current value of the resis-
tance component current I, cos 0 of the ground zero-phase
current I.

Furthermore, the resistance component current I, cos 0
calculated as described above may include the component of
a control voltage (e.g., a PWM-controlled component) and
may include only the frequency of a basic AC voltage
waveform component by excluding the component of a
control voltage from the resistance component current I, cos
0.

This may be selected by increasing or decreasing the
numerical range of an extraction frequency band set by the
frequency component extraction unit 131.

For example, if an extraction frequency band set by the
frequency component extraction unit 131 is set as the band
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of a frequency that is approximately the same as the fre-
quency of a basic AC voltage waveform component, the
resistance component current I, cos 6 has a value only
including the frequency of the basic AC voltage waveform
component.

Furthermore, the resistance component current I, cos 0
has a combined value of the frequency of a basic AC voltage
waveform component and the component of a control volt-
age (e.g., a PWM-controlled component) by setting a set
extraction frequency band as a frequency band having a
specific numerical range, such as the frequency xa (e.g.,
+100 Hz, -20 Hz) of the basic AC voltage waveform.

[Method of Calculating Average Resistance Component
Current Izr]

Furthermore, as shown in FIG. 9(d), an average resistance
component current Izr, that is, an average value of the
resistance component current I, cos 0 between the zero-
crossings, may be calculated.

The current value calculation unit 141 calculates an
average resistance component current Izr by dividing an
added current value (the resistance component current I, cos
0) by n.

Furthermore, the sampling cycle of the ground zero-phase
current I may be set in a specific cycle, and the accuracy of
the values of the resistance component current I, cos 6 and
the average resistance component current Izr can be
improved by shortening the set sampling cycle.

Furthermore, as in the resistance component current I, cos
0, the average resistance component current Izr may include
the component of a control voltage (e.g., a PWM-controlled
component) by the band of an extraction frequency band set
by the frequency component extraction unit 131 and may
include only the frequency of a basic AC voltage waveform
component other than the component of the control voltage.

[Method of Calculating Basic AC Voltage Ef and Respec-
tive Phase Ground Voltages FEu, Ev, and Ew]

Furthermore, the voltage value of each of the basic AC
voltage Ef and the respective phase ground voltages Eu, Ev,
and Ew forming pairs along with such a resistance compo-
nent current I, cos 6 may be calculated by integrating a
voltage value between the zero-crossings as in the resistance
component current I, cos 0.

As shown in FIG. 9(a), since the respective phase ground
voltages Fu, Ev, and Ew are measured in a specific period in
a specific sampling period, the numerical data (measured
values) of the basic AC voltage Ef and respective phase
ground voltages FEu, Ev, and Ew extracted by the zero-
crossing data extraction unit 134 is assumed to be n, for
example, between the zero-crossings.

In order to calculate the voltage values of the basic AC
voltage Ef and the respective phase ground voltages Eu, Ev,
and Ew, the voltage value calculation unit 142 attaches a +
or — sign to each of the 1 to n basic AC voltages Ef and
respective phase ground voltages Eu, Ev, and Ew depending
on a potential difference (e.g., ) (in FIG. 9(a), a solid line
arrow is + and a broken line arrow is —) and sequentially
adds them.

Since an addition is equivalent to the integration of the
basic AC voltage Ef and each of the respective phase ground
voltages Eu, Ev, and Ew between the zero-crossings, each of
the added voltage values becomes a total amount of a
voltage supplied between the zero-crossings.

Furthermore, each of the respective phase ground volt-
ages Eu, Ev, and Ew includes the voltage of a control voltage
component (e.g., a PWM-controlled component) in addition
to the basic AC voltage Ef.
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This is realized by setting an extraction frequency band,
set by the frequency component extraction unit 131, as a
frequency band having a specific numerical range, such as
the frequency =a (e.g., +100 Hz, =20 Hz) of the basic AC
voltage waveform.

[Method of Calculating Average Voltage of Basic AC
Voltage Ef and Each of Respective Phase Ground Voltages
Eu, Ev, and Ew]

Furthermore, as shown in FIG. 9(5), an average voltage of
each of the basic AC voltage Ef and the respective phase
ground voltages Eu, Ev, and Ew between the zero-crossings
may be calculated.

The voltage value calculation unit 142 calculates the
average voltage by dividing each of added voltage values
(integral values between the zero-crossings) by n.

Furthermore, the sampling cycle of the respective phase
ground voltages Eu, Ev, and Ew is made to be the same as
that of the ground zero-phase current 1. In this case, the
sampling cycle of the respective phase ground voltages Fu,
Ev, and Ew may be set in a specific cycle, and the accuracy
of the sum voltage and average voltage of each of the basic
AC voltage Ef and the respective phase ground voltages Eu,
Ev, and Ew can be improved by shortening the set sampling
cycle.

Furthermore, the average voltage of each of the basic AC
voltage Ef and the respective phase ground voltages Eu, Ev,
and Ew includes the voltage of a control voltage component
(e.g., a PWM-controlled component) in addition to the basic
AC voltage Ef.

The resistance value calculation unit 143 calculates a
combined ground combined resistance value Z of the ground
resistance components Ru, Rv, and Rw of the respective
phases and each of the respective phase ground resistance
values Ru, Rv, and Rw of the respective phases using an
average resistance component current [zr calculated by the
current value calculation unit 141 and the average voltage of
each of the basic AC voltage Ef and the respective phase
ground voltages Eu, Ev, and Ew calculated by the voltage
value calculation unit 142.

The method of calculating a ground combined resistance
value Z includes a first calculation method of calculating the
ground combined resistance value Z using an average volt-
age of basic AC voltages Ef and an average resistance
component current Izr and a second calculation method of
calculating a ground combined resistance value Z using an
average voltage of each of respective phase ground voltages
Eu, Ev, and Ew and an average resistance component current
Izr.

[First Calculation Method of Ground Combined Resis-
tance Value]

A ground combined resistance value Z obtained by com-
bining the ground resistance components Ru, Rv, and Rw of
the respective phases may be calculated by dividing an
average voltage of basic AC voltages Ef by an average
resistance component current Izr as shown in Equation 4 in
accordance with Ohm’s Law.

[Equation 4]

Ef

Tl

(Equation 4)

In this case, the average voltage of the basic AC voltages
Efis an average value of the basic AC voltages Ef including
only the frequency of a basic AC voltage waveform com-
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ponent other than the frequency component of a control
voltage. Accordingly, if the component of a control voltage
is included in the average resistance component current Izr,
the precision of a calculated ground combined resistance
value Z is reduced. Accordingly, the frequency component
extraction unit 131 adopts the average resistance component
current Izr, including only the frequency of a basic AC
voltage waveform component other than the frequency
component of a control voltage, as the average resistance
component current [zr which is used to calculate the ground
combined resistance value Z.

Furthermore, in a plurality of zero-crossings having dif-
ferent periods, the precision of a calculated ground com-
bined resistance value Z can be improved by substituting
each of an average voltage of basic AC voltages Ef and an
average resistance component current Izr in Equation 4
while calculating a plurality of the average voltages of the
basic AC voltages Ef and the average resistance component
currents.

[Second Calculation Method of Ground Combined Resis-
tance Value]

In the second calculation method, the ground combined
resistance value Z is calculated using an average voltage of
each of'the respective phase ground voltages Eu, Ev, and Ew
instead of the basic AC voltage Ef.

A ground combined resistance value Z obtained by com-
bining the ground resistance components Ru, Rv, and Rw of
the respective phases may be calculated by dividing an
average value (the average value is calculated as I3 | in
Equation 5) of the average voltages of respective phase
ground voltages Eu, Ev, and Ew by an average resistance
component current Izr as shown in Equation 5 in accordance
with Ohm’s Law.

[Equation 5]

_ Eu+ Ev+ Ew (Equation 5)

3xizr

In this case, since each of the average voltages of the
respective phase ground voltages Fu, Ev, and Ew includes
the frequency component of a control voltage, the extracted
average resistance component current Izr of a frequency
component having the same band as the average voltages
Eu, Ev, and Ew is adopted as an average resistance compo-
nent current Izr which is used to calculate the ground
combined resistance value Z.

Furthermore, the precision of a calculated ground com-
bined resistance value Z can be improved by substituting
each of the average voltages of respective phase ground
voltages Eu, Ev, and Ew between a plurality of zero-
crossings having different periods and an average resistance
component current Izr in Equation 5 while calculating a
plurality of the average voltages of the respective phase
ground voltages FEu, Ev, and Ew and the average resistance
component currents Izr.

[Method of Calculating Respective Phase Ground Resis-
tance Values]

The resistance value calculation unit 143 calculates the
respective phase ground resistance values of the ground
resistance components Ru, Rv, and Rw of the respective
phases as below.

Pieces of respective phase ground resistance Ru, RV, and
Rw that are connected in parallel, an average voltage of each
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of respective phase ground voltages Eu, Ev, and Ew, and an
average resistance component current [zr satisfy a relation-
ship of Equation 6.

[Equation 6]

(Equation 6)

Such a relationship is also established with respect to the
average voltages of the respective phase ground voltages Eu,
Ev, and Ew between a plurality of zero-crossings having
different periods and the average resistance component
current Izr corresponding to each of the average voltages of
the respective phase ground voltages Eu, Ev, and Ew.
Accordingly, the resistance value calculation unit 143 cal-
culates a combination of the pieces of respective phase
ground resistance Ru, RV, and Rw in which the right side
and the left side become the same through repetition opera-
tion by substituting the average voltages and the average
resistance component current Izr in Equation 6.

That is, the resistance value calculation unit 143 calcu-
lates a combination of the pieces of respective phase ground
resistance Ru, RV, and Rw through multiple regression
analysis using the average voltages of the respective phase
ground voltages Eu, Ev, and Ew as independent variables
(description variables), the average resistance component
current Izr as a dependent variable, and Equation 6 as a
regression equation.

Specifically, if the average voltages of the respective
phase ground voltages Eu, Ev, and Ew are respectively
indicated by Eu, Ev, and Ew, pieces of respective phase
ground resistance Ru (Ru,, Ru,;, Ru, . . . ), Rv (Rv,, Rv,,
Rv, . .. ), and Rw (Rw,, Rw,, Rw, . . . ) are made to
approach true values by sequentially updating the pieces of
respective phase ground resistance Ru, Rv, and Rw corre-
sponding to average voltages Eu (Eu,, Eu,, Eu, . . .), Ev
(Evg, Evy, Ev, .. .), and Ew (Ewg, Ew,, Ew, .. .) between
a plurality of zero-crossings having different periods and an
average resistance component current lzr (Izr,, Izr,,
Izr, . . .) forming pairs along with the average voltages while
estimating the pieces of respective phase ground resistance
Ru, Rv, and Rw and the average resistance component
current Izr using the average voltages Eu, Ev, and Ew and
the average resistance component current Izr.

Specifically, pieces of respective phase ground resistance
Ru,, Rv,, and Rw,, are indicative of respective initial values.
The pieces of respective phase ground resistance Ru, RV,
and Rw are made to approach true values by sequentially
updating the values of the pieces of respective phase ground
resistance Ru,, Rv,, and Rw,, like pieces of first respective
phase ground resistance Ru,, Rv,, and Rw, and pieces of
second respective phase ground resistance Ru,, Rv,, and
Rw,, using the initial values of a specific line form.

Furthermore, predetermined specific values are used as
the initial values Ru,, Rv,, and Rw,.

In the repetition operation, as shown in Equation 7, the
values of the pieces of respective phase ground resistance
Ru, RV, and Rw when a difference S between the right side
and left side of Equation 6 becomes zero are true values.



US 9,465,065 B2

[Equation 7]
Eu Ev Ew Equation 7
PO LA (Bquation 7)
Ru Rv  Rw

In this case, although the values of the pieces of respective
phase ground resistance Ru, RV, and Rw do not become
zero, the values of the pieces of respective phase ground
resistance Ru, RV, and Rw may be determined to have
approached (converged on) true values because they become
specific values X close to zero, as shown in Equation 8.

[Equation 8]
Eu Ev Ew Fauation 8
S:|Izr—(—+_+_)|5X (Equation 8)
Ru Rv  Rw

In detailed repetition operation, for example, first, the
difference S is calculated by substituting the respective
phase average voltages Eu,, Ev,, and Ew,, the average
resistance component current Izr, forming pairs along with
the respective phase average voltages Eu,, Ev,, and Ew,,
and the initial values Ru,, Rv,, and Rw, of the pieces of
respective phase ground resistance in Equation 8. In the
process of calculating the difference S, a second term (a
value in parentheses) on the right side of Equation 8
becomes a first leakage current value.

If the difference S is zero (0) or a specific number X or
less, the initial values Ru,, Rv,, and Rw, becomes the true
values of the pieces of respective phase ground resistance
Ru, RV, and Rw.

If the difference S is not zero (0) or a specific number X
or less, the initial values Ru,, Rv,, and Rw,, are updated with
the pieces of first respective phase ground resistance Ru,,
Rv,, and Rw,.

Furthermore, a new difference S is calculated by substi-
tuting the respective phase average voltages Eu,, Ev,, and
Ew, that are different between zero-crossings, an average
resistance component current Izr;, forming pairs along with
the respective phase average voltages Eu,, Ev,, and Ew,,
and the pieces of first respective phase ground resistance
Ru,, Rv,, and Rw, in Equation 8. In the process of calcu-
lating the difference S, a second term on the right side of
Equation 8 becomes a second leakage current value.

If the difference S is zero (0) or a specific number X or
less, pieces of respective phase ground resistance Ru,, Rv,,
and Rw, become the true values of pieces of respective
phase ground resistance Ru, RV, and Rw. Meanwhile, if the
difference S is not zero (0) or a specific number X or less,
pieces of first respective phase ground resistance Ru,, Rv,,
and Rw, are updated with pieces of second respective phase
ground resistance Ru,, Rv,, and Rw,. Such an update is
repeated until the difference S becomes zero (0) or a specific
number X or less.

In the process of such repetition operation, the update of
the pieces of respective phase ground resistance Ru, RV, and
Rw is executed according to the following update method.

For example, one of two methods below may be adopted
as the method of updating the pieces of respective phase
ground resistance Ru, RV, and Rw.

The first update method is a method of determining that
an average voltage that belongs to average voltages Eu, Ev,
and Ew and that has a maximum value is a factor generating
a difference S, updating only one of pieces of respective
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phase ground resistance Ru, RV, and Rw corresponding to
the average voltage having a maximum value, and not
updating the remaining pieces of respective phase ground
resistance. A linear equation, such as that shown in Equation
9, for example, may be used in the update.

[Equation 9]

Ru,, Rv,, ,Rw,, =Ru,Rv, Rw +Sxk (Equation 9)

In this case, one of the pieces of respective phase ground
resistance Ru, RV, and Rw is updated in Equation 9. N
denotes an integer of zero (0) or more, and k is a specific
correction coeflicient.

Accordingly, the value of any one of the pieces of
respective phase ground resistance Ru, RV, and Rw which is
most different from a true value may be made to rapidly
approach the true value.

Furthermore, the second update method is a method of
updating pieces of respective phase ground resistance Ru,
RV, and Rw based on the values of average voltages Eu, Ev,
and Ew, respectively. A linear equation, such as that shown
in Equation 10, for example, may be used.

[Equation 10]

Ru,, ,Rv,, ,Rw,, =Ru, Rv,, Rw,+Sx(Eu,,Ev,, Ew,)xk (Equation 10)

In this case, in Equation 10, all of the pieces of respective
phase ground resistance Ru, Rv, and Rw are updated. N
denotes an integer of zero (0) or more, and k is a specific
correction coeflicient.

Accordingly, the value of each of the pieces of respective
phase ground resistance Ru, RV, and Rw may be made to
approach a true value based on the value of each of the
average voltages Eu, Ev, and Ew.

In executing the repetition operation as described above,
the initial values Ru, Rv,, and Rw, of the pieces of
respective phase ground resistance Ru, RV, and Rw need to
be previously determined.

In order to increase calculation speed of the pieces of
respective phase ground resistance Ru, RV, and Rw, it is
preferred that the initial values Ru,, Rv,, and Rw, are close
to a true value as far as possible. Accordingly, the initial
values Ru,, Rv,, and Rw, are calculated from the afore-
mentioned ground combined resistance value Z.

An average value Ra of the pieces of respective phase
ground resistance Ru, RV, and Rw is used as the initial
values Ru,, Rv,, and Rw,, because the average value Ra is
able to be calculated from the ground combined resistance
value Z although the resistance values of the pieces of
respective phase ground resistance Ru, RV, and Rw are
unable to be calculated from the ground combined resistance
value Z. In Equation 11 below, if each of the pieces of
respective phase ground resistance Ru, RV, and Rw is
substituted with the average value Ra.

[Equation 11]

1 1 1
Z:(—+—+—
Ru Rv  Rw

(Equation 11)

) (7

The average value Ra may be represented as in Equation
12 based on Equation 11 and Equation 5.
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[Equation 12]

Eu+ Ev+ Ew (Equation 12)

Izr

Ra=3%xZ=

That is, in the present embodiment, the average value Ra
of the pieces of respective phase ground resistance Ru, RV,
and Rw calculated from the ground combined resistance
value Z may make fast speed that the pieces of respective
phase ground resistance Ru, RV, and Rw approach a true
value, that is, convergence according to repetition operation,
using the average value Ra as each of the initial values Ru,,
Rv,, and Rw, in Equation 7 or Equation 8.

In particular, the average value Ra that becomes the initial
values Ru,, Rv,, and Rw, is not calculated from average
voltages Fu, Ev, and Ew in a single zero-crossing and a
single average resistance component current Izr correspond-
ing to the average voltages Eu, Ev, and Ew, but the average
value Ra that becomes the initial values Ru,, Rv,, and Rw,,
is calculated from average voltages Eu, Ev, and Ew between
a plurality of zero-crossings having different periods and an
average resistance component current Izr corresponding to
the average voltages Eu, Ev, and Ew, thereby being capable
of further making fast convergence.

Pieces of accurate respective phase ground resistance Ru,
RV, and Rw may be calculated by executing repetition
operation for making approach the pieces of respective
phase ground resistance Ru, RV, and Rw to a true value in
such a manner that the pieces of respective phase ground
resistance Ru, RV, and Rw are updated while sequentially
estimating the pieces of respective phase ground resistance
Ru, RV, and Rw using average voltages Eu, Ev, and Ew
between a plurality of zero-crossings having different peri-
ods and an average resistance component current Izr corre-
sponding to the average voltages FEu, Ev, and Ew as
described above.

Such operations as the respective phase resistance value
calculation means and combined resistance value calcula-
tion means of the resistance value calculation unit 143 are
executed based on the following flowchart.

For example, the respective phase ground resistance val-
ues of the respective ground resistance components Ru, Rv,
and Rw are calculated based on is a flowchart regarding
processing for calculating the respective phase ground resis-
tance values which is shown in FIG. 10. The ground
combined resistance value Z of the ground resistance com-
ponents Ru, Rv, and Rw is calculated based on a flowchart
regarding processing for calculating the ground combined
resistance value which is shown in FIG. 11.

In the processing for calculating the respective phase
ground resistance values shown in FIG. 10, first, in S1~S3,
the initial values of pieces of respective phase ground
resistance Ru, RV, and Rw are calculated.

Specifically, average voltages Fu, Ev, and Ew and an
average resistance component current Izr forming pairs
along with the average voltages Eu, Ev, and Ew are obtained
from measurement data between zero-crossings (S1, S2).
Average values Ra that become the initial value of the pieces
of respective phase ground resistance Ru, RV, and Rw are
calculated by substituting the average voltages Eu, Ev, and
Ew and an average resistance component current Izr in
Equation 12 (S3).

In this case, regarding average voltages and an average
resistance component current that become acquisition
sources, an average value Ra obtained by calculating the
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average value of each of a plurality of groups of measure-
ment data, including average voltages Fu, Ev, and Ew
between zero-crossings having different periods and the
average resistance component current Izr forming pairs
along with the average voltages Eu, Ev, and Ew, in addition
to measurement data that is first measured and substituting
the calculated average values in Equation 12 may be used as
the initial value.

Next, processing for making the pieces of respective
phase ground resistance components Ru, Rv, and Rw
approach a true value is executed based on the average
voltages Eu, Ev, and Ew and the average resistance com-
ponent current Izr forming pairs along with the average
voltages Eu, Ev, and Ew in S4~S13.

First, the average voltages Eu, Ev, and Ew and the average
resistance component current Izr forming pairs along with
the average voltages Eu, Ev, and Ew are obtained (S4, S5),
and a difference S is calculated by substituting the average
voltages Eu, Ev, and Ew and the average resistance com-
ponent current Izr in Equation 8 (S6).

Next, whether the difference S is zero (0) or a specific
number X or less is determined (S7).

If the difference S is zero (0) or the specific number X or
less (S7—Yes), the processing is terminated.

Meanwhile, if the difference S is not zero (0) or the
specific number X or less (S7—No), processing regarding
any one predetermined step of S9 and S13 is executed (S8).

The process of S9~S12 is a method, that is, the first update
method of updating only one of pieces of respective phase
ground resistance Ru, RV, and Rw corresponding to an
average voltage that belongs to the average voltages Eu, Ev,
and Ew and that is indicative of a maximum value and not
updating pieces of the remaining respective phase ground
resistance.

Specifically, a comparison is performed on the values of
the average voltages Eu, Ev, and Ew (89), and ground
resistance corresponding to an average voltage having a
maximum value is updated based on Equation 9.

For example, only the ground resistance is updated if the
average voltage Fu is a maximum (S10), only the ground
resistance Rv is updated if the average voltage Ev is a
maximum (S11), and only the ground resistance Rw is
updated if the average voltage Ew is a maximum (S12).

Thereafter, the processing returns to S4, and S4~S12 are
repeated until the difference S becomes zero (0) or the
specific number X or less.

Meanwhile, the processing of S13 is the second update
method of updating the pieces of respective phase ground
resistance Ru, RV, and Rw based on the respective average
voltages Eu, Ev, and Ew.

Specifically, each of the pieces of respective phase ground
resistance Ru, RV, and Rw is updated based on Equation 10
(S13).

Thereafter, the processing returns to S4, and S4~S8 and
S13 are repeated until the difference S becomes zero (0) or
a specific number X.

Furthermore, when the difference S becomes zero (0) or
the specific number X or less and corresponding processing
is terminated (S7—Yes), the values of the pieces of respec-
tive phase ground resistance Ru, RV, and Rw at that time are
displayed on the display unit 15.

Pieces of precise respective phase ground resistance Ru,
RV, and Rw corresponding to average voltages FEu, Ev, and
Ew between a plurality of zero-crossings having different
periods and an average resistance component current Izr
forming pairs along with the average voltages can be cal-
culated because the pieces of respective phase ground resis-
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tance Ru, RV, and Rw can be made to approach a true value
by updating the pieces of respective phase ground resistance
Ru, RV, and Rw while sequentially estimating the pieces of
respective phase ground resistance Ru, RV, and Rw using the
average voltages Eu, Ev, and Ew and the average resistance
component current Izr forming pairs along with the average
voltages through such processing for calculating the respec-
tive phase ground resistance values.

The processing for calculating a ground combined resis-
tance value shown in FIG. 11 is processing for calculating a
ground average value of the combined resistance values Za
using average voltages Fu, Ev, and Ew between a plurality
of zero-crossings having different periods and an average
resistance component current Izr forming pairs along with
the average voltages Eu, Ev, and Ew. In this processing, first,
in S20~S23, initial setting, such as calculating the initial
value of the average value Za, is executed.

Specifically, average voltages Fu, Ev, and Ew and an
average resistance component current Izr forming pairs
along with the average voltages Eu, Ev, and Ew are obtained
(820, S21). The initial value of a ground average value of the
combined resistance values Za is calculated by substituting
the average voltages Fu, Ev, and Ew and the average
resistance component current Izr in Equation 5 (S22). In this
case, measurement data that is first measured may be used
as the average voltages and the average resistance compo-
nent current that become acquisition sources. Furthermore,
an initial value 1 is set in a repetition calculation number n
(S23).

Next, in S24~S29, processing for updating a ground
average value of a combined resistance values Za is
executed based on obtained average voltages Eu, Ev, and Ew
and an average resistance component current Izr forming
pairs along with the obtained average voltages Eu, Ev, and
Ew.

First, at the same time as the repetition calculation number
n is updated with +1 (S24), average voltages Eu, Ev, and Ew
and an average resistance component current Izr forming
pairs along with the average voltages Eu, Ev, and Ew are
obtained (S25, S26). A (this time) ground combined resis-
tance value Zn is calculated by substituting the average
voltages Eu, Ev, and Ew and the average resistance com-
ponent current Izr in Equation 5 (S27).

Next, the sum (Zax(n-1)) of (previous time) average
values Za (including an initial value) of the ground com-
bined resistance value and the calculated ground combined
resistance value Zn are added. A ground average value of
new combined resistance values Za is calculated by dividing
the addition value by n (S28). Next, whether a repetition
calculation number n has reached a maximum calculation
number M is determined (S29). If the repetition calculation
number n has reached M times, the processing is terminated
(829—Yes). If the repetition calculation number n has not
reached M times (S29—No), S24~S28 are executed again.

Furthermore, if the repetition calculation number n has
reached M times and thus corresponding processing has
been terminated (S29—Yes), a ground average value of
combined resistance values Za at that time is displayed on
the display unit 15.

As described above, in processing for calculating a
ground combined resistance value, a ground combined resis-
tance value Z is calculated by repetition operation using
average voltages Fu, Ev, and Ew between a plurality of
zero-crossings having different periods and an average resis-
tance component current [zr forming pairs along with the
average voltages Eu, Ev, and Ew. Accordingly, the precision
of a ground combined resistance value can be improved.
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Furthermore, a value obtained by dividing the ground
combined resistance value Z calculated as described above
by 3 ) may be used as the initial value of pieces of respective
phase ground resistance Ru, RV, and Rw in the processing
for calculating respective phase ground resistance values.

As described above, in accordance with the leakage
current calculation device and the method of calculating a
leakage current according to the present embodiment, an
accurate leakage current value on which the influence of
noise has been suppressed can be calculated by integral
calculus because the value of a leakage current flowing
through the ground resistance component of a ground leak-
age current other than the ground capacitance component of
the three-phase motor.

Furthermore, an accurate resistance value on which the
influence of noise has been suppressed can be calculated
because at the same time as respective phase ground volt-
ages are calculated by integral calculus in addition to a
leakage current value, a ground combined resistance value
and respective phase ground resistance values are calculated
based on the leakage current value and respective phase
ground voltages calculated as described above.

The preferred embodiments of the leakage current calcu-
lation device and the method of calculating a leakage current
according to the present invention have been described
above, but the leakage current calculation device and the
method of calculating a leakage current regarding the pres-
ent invention are not limited to the aforementioned embodi-
ments and may be modified in various ways without depart-
ing from the scope of the present invention.

For example, in the present embodiment, in calculating
the ground combined resistance value Z obtained by comb-
ing the ground resistance components Ru, Rv, and Rw of the
respective phases and the respective phase ground resistance
values of the respective phases, the average resistance
component current Izr, the basic AC voltage Ef, and average
voltages of the respective phase ground voltages Eu, Ev, and
Ew have been used, but the ground combined resistance
value 7Z and the respective phase ground resistance values
may be calculated using respective integral values.

Furthermore, a specific period in which the respective
phase ground voltages FEu, Ev, and Ew and the ground
zero-phase current I are measured may be a period in which
one or more Zero-crossings are specified.

Furthermore, a method of integrating the ground zero-
phase current 1, the basic AC voltage Ef, and the respective
phase ground voltages Eu, Ev, and Ew between zero-
crossings is not limited to the present embodiment. For
example, an integral value may be output using an A-D
converter for converting an analog signal into a digital signal
by AZ modulation.

INDUSTRIAL APPLICABILITY

The present invention may be widely used in a the leakage
current calculation device for measuring leakage currents
flowing through the resistance components of the respective
phases of a three-phase motor, such as a servo motor, and the
resistance value of each phase.

DESCRIPTION OF REFERENCE NUMERAL

10 leakage current calculation device

11 respective phase voltage measurement cable
12 zero-phase current transformer (ZCT)

13 signal processing unit

131 frequency component extraction unit
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132 basic AC waveform extraction unit

133, 134 zero-crossing data extraction unit

14 operation unit 141 current value calculation unit

142 voltage value calculation unit

143 resistance value calculation unit

15 display unit

What is claimed is:

1. A leakage current calculation device, comprising:

ground voltage measurement means for measuring

ground voltages respectively inputted to phases of a
three-phase motor driven by an inverter device using a
specific AC power supply as a power supply in a
specific period,

zero-phase current measurement means for measuring a

zero-phase current which is a ground leakage current
flowing through the three-phase motor in a specific
period,

basic AC waveform extraction means for extracting a

basic AC voltage waveform having a frequency having
a phase identical with a phase of the ground voltage of
each phase from the ground voltage,

frequency component extraction means for extracting a

zero-phase current component of a frequency band
comprising at least the frequency of the basic AC
voltage waveform from the frequency band, and

leakage current value calculation means for calculating a

leakage current value flowing through a ground resis-
tance component of the ground leakage current other
than a ground capacitance component of the three-
phase motor by integrating the zero-phase current com-
ponent of the frequency band in a period corresponding
between zero crossings of the basic AC voltage wave-
form,

wherein the basic AC waveform extraction means extracts

the basic AC voltage waveform by dividing a sum of
the ground voltages inputted to the respective phases by
3.

2. The leakage current calculation device of claim 1,
wherein:

the frequency band is set to have a specific numerical

range,

the frequency component extraction means extracts the

ground voltage component of the frequency band of
each of the phases of the three-phase motor, and

the leakage current calculation device comprises:

respective phase voltage value calculation means for
calculating voltage values of the respective phases
by integrating the ground voltage components of the
respective phases in a period corresponding between
the zero crossings of the basic AC voltage waveform,
and

respective phase resistance value calculation means for
calculating resistance values of the respective phases
which become the ground resistance components of
the respective phases of the three-phase motor from
the voltage values and leakage current values of the
respective phases.

3. The leakage current calculation device of claim 2,
wherein the respective phase resistance value calculation
means calculates the resistance values of the respective
phases by specific repetition operation from the leakage
current values and voltage values of the respective phases in
a period corresponding between a plurality of zero-crossings
having a different periods.

4. The leakage current calculation device of claim 3,
wherein the respective phase resistance value calculation
means executes the repetition operation for:
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calculating a first leakage current value from a pair of the
leakage current values and each of the voltage values of
the respective phases and an initial resistance value of
each phase which becomes a predetermined initial
value of the resistance value of each phase,

calculating a first difference between the first leakage
current value and the pair of leakage current values,

calculating a first resistance value of each phase by
updating the initial resistance value of each phase based
on the first difference,

calculating a second leakage current value from the
leakage current values forming another pair and each of
the voltage values of the respective phases and the first
resistance value of each phase,

calculating a second difference between the second leak-
age current value and the leakage current values form-
ing another pair,

calculating a second resistance value of each phase by
updating the first resistance value of each phase based
on the second difference, and

updating the resistance value of each phase until the first
difference, the second difference, or a difference sub-
sequent to the first and second differences becomes
zero or a specific value or less.

5. The leakage current calculation device of claim 3,

further comprising:

combined resistance value calculation means for calcu-
lating a combined resistance value obtained by com-
bining the ground resistance components of the respec-
tive phases of the three-phase motor from an average
value of the voltage values of the respective phases and
the leakage current value,

wherein the combined resistance value calculation means
calculates the average value of the combined resistance
values from the leakage current values forming a pair
and each of the voltage values of the respective phases
in a period corresponding between a plurality of the
zero-crossings having different periods.

6. The leakage current calculation device of claim 3,

40 wherein:

45

50

55

60

65

the frequency band is approximately set to be identical
with the frequency of the basic AC voltage waveform,
and
the leakage current calculation device comprises:
basic AC voltage value calculation means for calculat-
ing the basic AC voltage value by integrating a
corresponding basic AC voltage waveform in a
period corresponding between zero crossings of the
basic AC voltage waveform, and
combined resistance value calculation means for cal-
culating the combined resistance value from the
basic AC voltage value and the leakage current
value.
7. The leakage current calculation device of claim 4,
further comprising:
combined resistance value calculation means for calcu-
lating a combined resistance value obtained by com-
bining the ground resistance components of the respec-
tive phases of the three-phase motor from an average
value of the voltage values of the respective phases and
the leakage current value,
wherein the combined resistance value calculation means
calculates the average value of the combined resistance
values from the leakage current values forming a pair
and each of the voltage values of the respective phases
in a period corresponding between a plurality of the
zero-crossings having different periods.
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8. The leakage current calculation device of claim 4,
wherein:
the frequency band is approximately set to be identical
with the frequency of the basic AC voltage waveform,
and
the leakage current calculation device comprises:
basic AC voltage value calculation means for calculat-
ing the basic AC voltage value by integrating a
corresponding basic AC voltage waveform in a
period corresponding between zero crossings of the
basic AC voltage waveform, and
combined resistance value calculation means for cal-
culating the combined resistance value from the
basic AC voltage value and the leakage current
value.
9. The leakage current calculation device of claim 2,
further comprising:
combined resistance value calculation means for calcu-
lating a combined resistance value obtained by com-
bining the ground resistance components of the respec-
tive phases of the three-phase motor from an average
value of the voltage values of the respective phases and
the leakage current value,
wherein the combined resistance value calculation means
calculates the average value of the combined resistance
values from the leakage current values forming a pair
and each of the voltage values of the respective phases
in a period corresponding between a plurality of the
zero-crossings having different periods.
10. The leakage current calculation device of claim 2,
wherein:
the frequency band is approximately set to be identical
with the frequency of the basic AC voltage waveform,
and
the leakage current calculation device comprises:
basic AC voltage value calculation means for calculat-
ing the basic AC voltage value by integrating a
corresponding basic AC voltage waveform in a
period corresponding between zero crossings of the
basic AC voltage waveform, and
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combined resistance value calculation means for cal-
culating the combined resistance value from the
basic AC voltage value and the leakage current
value.

11. The leakage current calculation device of claim 1,
wherein:

the frequency band is approximately set to be identical

with the frequency of the basic AC voltage waveform,
and

the leakage current calculation device comprises:

basic AC voltage value calculation means for calculat-
ing the basic AC voltage value by integrating a
corresponding basic AC voltage waveform in a
period corresponding between zero crossings of the
basic AC voltage waveform, and

combined resistance value calculation means for cal-
culating the combined resistance value from the
basic AC voltage value and the leakage current
value.

12. A method of calculating a leakage current, compris-
ing: measuring ground voltages respectively inputted to
phases of a three-phase motor driven by an inverter device
using a specific AC power supply as a power supply in a
specific period, measuring a zero-phase current which is a
ground leakage current flowing through the three-phase
motor in a specific period, extracting a basic AC voltage
waveform having a frequency having a phase identical with
a phase of the ground voltage of each phase from the ground
voltage, extracting a zero-phase current component of a
frequency band comprising at least the frequency of the
basic AC voltage waveform from the frequency band, and
calculating a leakage current value flowing through a ground
resistance component of the ground leakage current other
than a ground capacitance component of the three-phase
motor by integrating the zero-phase current component in a
period corresponding between zero crossings of the basic
AC voltage waveform, wherein said extracting the basic AC
waveform comprises extracting the basic AC voltage wave-
form by dividing a sum of the ground voltages inputted to
the respective phases by 3.
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